Introduction
Cancer is one of the leading causes of death worldwide. Surgery, chemotherapy, and radiotherapy have been widely used as standard treatments for cancer patients. However, the overall survival (OS) rates of patients are still far from ideal. Cancer can be thought of as a host's inability to eliminate transformed cells. Cancer immunotherapy refers to a diverse range of therapeutic methods that harness the immune system to induce or restore the capacity of cytotoxic T cells, and other immune effector cells, and to recognize and eliminate cancer. 1 Among many immunotherapeutic strategies, immune checkpoint inhibitor (ICI), which directly restores the efficacy of submit your manuscript | www.dovepress.com
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weng et al tumor-specific T cells within the tumor microenvironment, thereby enhancing the capacity of immune system to fight cancers, has shown remarkable benefit in the treatment of a range of cancer types. 2 Programmed cell death receptor-1 (PD-1) and programmed cell death ligand-1 (PD-L1) are the most widely studied and recognized inhibitory checkpoint pathways. Several clinical trials using inhibitors blocking these pathways for the treatment of malignancies, such as melanoma, non-small-cell lung cancer (NSCLC), head and neck cancer, renal cell cancer, urothelial cancer, and lymphoma, have shown great promise in prolonging survival. [3] [4] [5] The US Food and Drug Administration (FDA) has approved five PD-1/PD-L1 inhibitors in eleven types of advanced malignancies. 6 Although promising results of PD-1/PD-L1 inhibitors have been observed in major clinical studies, around 40%-60% of patients still do not benefit from these therapies. 3 In addition, these treatments are associated with immune-related adverse events, such as dermatologic (pruritus, rash), gastrointestinal (diarrhea, colitis), hepatic (elevated liver enzymes), and endocrine (pituitary, thyroid, adrenal glands) complications and life-threatening adverse events. 7 In the CheckMate-067 trial, severe immune-related adverse events (grades 3 or 4) were observed in 55% patients treated with nivolumab plus ipilimumab: 16% in the nivolumab monotherapy group and 27% in the ipilimumab monotherapy group. 8 In the new era of precision medicine, identifying biomarkers that can predict the benefit of ICIs is crucial to protect patients from autoimmune adverse effects and the high cost of such agents. Currently, PD-L1 expression has emerged as a biomarker that might help to predict responses to PD-1/PD-L1 inhibitors. Companion tests for evaluating PD-L1 expression as a biomarker of response have been developed for many cancer immunotherapy agents. However, PD-L1 assays can be highly variable, which makes it a clinical challenge to employ the results. 9, 10 In addition, because of the complexity of the immune response and tumor biology, it is unlikely that a single biomarker will be sufficient to predict clinical outcomes in response to immunotargeted therapy. Thus, the integration of multiple clinical and molecular characteristics may be necessary for the accurate prediction of the clinical benefit of PD-1/PD-L1 inhibitors.
A previous meta-analysis determined that there was an OS advantage of PD-1/PD-L1 inhibitors for patients with EGFR wild-type NSCLC, and no OS advantage was observed for those with EGFR-mutant tumors. However, PD-L1 expression and some other factors were not analyzed in the previous study, because of an insufficient number of trials that reported those results. 11 With accumulating evidence, in this meta-analysis, we systematically evaluated the current evidence regarding biomarkers of response to PD-1/PD-L1 inhibitors in all solid tumors. The identification of predictive clinical and molecular characteristic factors may be valuable for clinical practice and future clinical study design.
Materials and methods
We conducted this meta-analysis based on the Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) statement. All analyses were based on previous published studies; thus, no ethical approval and patient consent are required.
Search strategy
Two reviewers independently completed a search of PubMed and Web of science to identify relevant clinical trials. The search was conducted using the following keywords: "nivolumab", "pembrolizumab", "atezolizumab", "avelumab", "durvalumab", and "immune checkpoint". The search was limited to randomized controlled trials (RCTs) published in English. No other limitation was used (ie, ethnic background and peer review publication only). References of included studies and related reviews were checked manually.
If the results of RCTs were published in a series of articles, only the most recent, complete report of the clinical trial was included for analysis.
inclusion criteria
All relevant articles underwent evaluation for eligibility by two investigators independently. The relevant clinical trials were selected carefully based on the following criteria: 1) population: participants with histologically confirmed solid tumors; 2) intervention: PD-1 or PD-L1 inhibitors; 3) comparison: chemotherapy or cytotoxic T-lymphocyte antigen-4 (CTLA-4) inhibitor; 4) outcomes: OS; and 5) study design: RCTs.
Data extraction and quality assessment
Literature screening and data extraction were carried out by two independent reviewers. Discrepancy was resolved by discussion between the two of us. If the two authors could not reach a consensus, another author made the decision. For each study, the following details were extracted: the name of first author, year of publication, cancer type, treatment arms and control arms, patients' clinicopathological characteristics. We also extracted hazard ratio (HR) and 95% CI for OS (defined as the time from randomization to death) of the intention-to-treat population and the following predefined subgroups: age (65 vs 65 years), sex (female vs male), 
Results
Study characteristics
Studies were identified as shown in Figure 1 . In all studies, this meta-analysis included eleven RCTs with 3,090 patients in the experimental group and 2,573 in the control group. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] Characteristics of included trials are listed in Table 1 . Five studies evaluated nivolumab monotherapy vs chemotherapy, three studies assessed pembrolizumab monotherapy vs chemotherapy, two studies evaluated atezolizumab vs chemotherapy, and one study evaluated nivolumab/ipilimumab combination vs ipilimumab. Two trials enrolled melanoma patients, six enrolled NSCLC patients, one enrolled urothelial carcinoma patients, one enrolled head and neck carcinoma patients, and one study enrolled renal cell carcinoma patients. Eight trials reported the ethnic background of patients, and all these studies consisted primarily of Caucasians and small number of Asians.
Impact of PD-1/PD-L1 inhibitors on OS
All the studies, which collectively included 5,663 patients, reported OS data. Of the eleven trials, ten reported a statistically significant improvement in OS and one trial 
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The efficacy of PD-1/PD-L1 inhibitors for solid tumors showed no OS benefit. The median OS in the PD-1/PD-L1 inhibitor groups reported in eleven trials ranged from 7.5 to 25.0 months. The heterogeneity across the eleven trials was insignificant (P=0.29, I 2 =16%). The pooled HR for OS was performed using a fixed-effects model. In pooled analyses, compared with chemotherapy or CTLA-4 inhibitor, PD-1/ PD-L1 inhibitor was significantly associated with a 31% reduction in the risk of death (HR=0.69; 95% CI 0.64-0.74; P0.00001; Figure 2 ).
Subgroup analyses by PD-L1 expression
All the studies analyzed the correlation between the PD-L1 expression level (1% vs 1%, 5% vs 5%, 10% vs 10% and 50%) and OS benefit of PD-1/PD-L1 inhibitors: PD-L15% population including the PD-L11% population and PD-L11% population including the PD-L15% population.
For the PD-L11% population, seven studies reported OS data. Four trials enrolled NSCLC patients, one enrolled urothelial carcinoma patients, one enrolled head and neck carcinoma patients, and one enrolled renal cell carcinoma patients. Statistically significant improvements in OS were observed in three trials. The heterogeneity between studies was insignificant (P=0.62, I 2 =0%). A fixed-effects model was used to pool HR for OS. The pooled HR for OS was 0.81 (95% CI 0.71-0.91; P=0.0005). The PD-L11% population could get OS benefits from PD-1/PD-L1 inhibitor therapy. For the PD-L11% population, OS data were available for seven studies, which are same as the PD-L11% population. There was no significant heterogeneity (P=0.76, I 2 =0%), and a fixed-effects model was used to pool HR for OS. The PD-1/PD-L1 inhibitor therapy significantly improved OS for the PD-L11% population (HR=0.66, 95% CI 0.58-0.75; P0.00001). The result of test for subgroup differences showed that the PD-L11% population had better OS than the PD-L11% population (P=0.02, I 2 =80.7%; Figure 3A ). For the PD-L15% population, five studies were included in the analysis, and substantial heterogeneity was observed (P=0.04, I
2 =59%). The pooled HR using a random-effects model for OS was 0.74 (95% CI 0.56-0.98; P=0.04). The PD-L15% population could get OS benefits from PD-1/ PD-L1 inhibitor therapy. For the PD-L15% population, seven clinical trials reported OS data. No significant heterogeneity was found (P=0.38, I 2 =6%). PD-1/PD-L1 inhibitor therapy significantly improved OS for the PD-L15% population (HR=0.53, 95% CI 0.44-0.63; P0.00001). Compared with the PD-L15% population, there was a tendency for PD-1/PD-L1 inhibitor to improve OS in the PD-L15% population (P=0.05, I 2 =74.8%; Figure 3B ). For the PD-L110% population, four studies reported OS data. Three trials enrolled NSCLC patients and one enrolled urothelial carcinoma patients. No significant heterogeneity was observed (P=0.02, I 2 =5%). The pooled HR for OS was performed using a fixed-effects model. PD-1/PD-L1 inhibitor therapy significantly improved OS for the PD-L110% population (HR=0.82, 95% CI 0.70-0.97; P=0.02). For the PD-L110% population, four trials were included in the analysis, and heterogeneity was not obvious. The pooled HR for OS was 0.49 (95% CI 0.38-0.62; P0.00001). The PD-L110% population could get OS benefits from PD-1/ PD-L1 inhibitor therapy. The result of test for subgroup differences showed that the PD-L110% population had better OS than the PD-L110% population (P=0.0004, I 2 =92.1%; Figure 3C ). For the PD-L150% population, four studies were included in the analysis. Four trials enrolled NSCLC patients. There was no significant heterogeneity between the four studies (P=0.65, I 2 =0%). The PD-L150% population got significant improvement in OS from PD-1/PD-L1 inhibitor therapy (HR=0.52, 95% CI 0.43-0.63; P0.00001; Figure 3D ).
Subgroup analyses by patient factors
Subgroup analyses were conducted based on patient factors such as smoking status, age, PS, and sex. In the ever-smoked (current or former) subgroup, five studies reported OS data. Four trials enrolled NSCLC patients and one enrolled urothelial carcinoma patients. The pooled HR for OS was 
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The efficacy of PD-1/PD-L1 inhibitors for solid tumors 0.69 (95% CI 0.61-0.77; P0.00001) without heterogeneity (P=0.23, I 2 =29%). PD-1/PD-L1 inhibitor therapy significantly improved OS in the ever-smoked (current or former) subgroup ( Figure 4A ). In the never-smoked subgroup, four studies were included in the analysis. Three trials enrolled NSCLC patients and one enrolled urothelial carcinoma patients. The pooled HR for OS was 0.88 (95% CI 0.70-1.11; P=0.28) without heterogeneity (P=0.32, I 2 =14%). Patients without smoking history could not get significantly OS benefits from PD-1/PD-L1 inhibitor therapy. Compared with nonsmokers, there was a tendency for PD-1/PD-L1 inhibitor to improve OS in smokers (P=0.06, I 2 =71.7%; Figure 4A ). In the 65 years subgroups, nine studies reported OS data. Two trials enrolled melanoma patients, four enrolled NSCLC patients, one enrolled urothelial carcinoma patients, one enrolled head and neck carcinoma patients, and one study enrolled renal cell carcinoma patients. The heterogeneity between studies was insignificant (P=0.34, I 2 =11%), and a fixed-effects model was used to pool HR for OS. Patients aged 65 years could get OS benefits from PD-1/PD-L1 inhibitor therapy (HR=0.70, 95% CI 0.63-0.78; P0.00001; Figure 4B ). In the 65 years subgroups, five studies were included in the analysis, and no significant heterogeneity was observed (P=0.69, I
2 =0%). The pooled HR using a random-effect model for OS was 0.74 (95% CI 0.64-0.85; P0.0001). There were significant improvements in OS for patients aged 65 years ( Figure 4B ). However, in the 75 years subgroups, four studies were included in the analysis, and substantial heterogeneity was observed (P=0.01, I 2 =74%). The pooled HR used random-effect model for OS. No significant improvement in OS was observed (HR=0.86; 95% CI 0.40-1.84; P=0.70) in patients aged 75 years ( Figure 4B ). For PS=0 population, seven studies reported OS data without heterogeneity (P=0.10, I
2 =44%). 
Nonsmoker
Bellmunt et al (2017) 13 Bellmunt et al (2017) 13 Borghaei et al (2015) 21 Borghaei et al (2015) 21 Brahmer et al (2015) 19 Fehrenbacher et al (2016) 18 Fehrenbacher et al (2016) 18 Rittmeyer et al (2017) 12 Rittmeyer et al (2017) 19 Brahmer et al (2015) 19 Hodi et al (2016) 15 Hodi et al (2016) 15 Robert et al (2015) 22 Robert et al (2015) 22 Bellmunt et al (2017) 13 Bellmunt et al (2017) 13 Borghaei et al (2015) 21 Borghaei et al (2015) 21 Rittmeyer et al (2017) 12 Rittmeyer et al (2017) 12 Herbst et al (2016) 17 Herbst et al (2016) 17 Ferris et al (2016) 14 Ferris et al (2016) 14 Motzer et al (2015) 20 Motzer et al (2015) 
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Subgroup analyses by disease factors
Subgroup analyses were conducted based on disease factors such as histology, line of therapy, and treatment type. In the first-line therapy subgroup, three studies were included in the analysis, and no significant heterogeneity was observed (P=0.16, I
2 =45%). The pooled HR using a fixed-effects model for OS was 0.53 (95% CI 0.42-0.67; P0.00001). Patients could get OS benefits from PD-1/PD-L1 inhibitor as the first-line therapy ( Figure 5 ). In the second line or later treatment, there was also obvious improvement in OS (HR=0.71; 95% CI 0.66-0.77; P0.00001) without heterogeneity (P=0.91, I
2 =0%). The result of test for subgroup differences showed that the first-line therapy had better OS than second line or later treatment (P=0.02, I 2 =82%; Figure 5 ). The solid tumors were classified histologically as squamous NSCLC, non-squamous NSCLC, melanoma, urothelial carcinoma, head and neck carcinoma, and renal cell carcinoma, with treatment effect evaluable from all included trials. There was no significant difference of OS between different types of tumors (P=0.89, I 2 =0%; Figure 6 ). Nine trials used PD-1 inhibitor, and two studies used PD-L1 inhibitor. The result of test for subgroup differences showed that there was no significant difference between PD-1 inhibitor and PD-L1 inhibitor (P=0.36, I 2 =0%).
Risk of bias and publication bias
For almost all studies enrolled in this meta-analysis, low risk of bias existed for all key domains. Only nine trials with open-label design were at high risk of bias ( Figure 7 ). Funnel plot, Begg's test, and Egger's test were performed to assess the publication bias of literature. The funnel plots did not demonstrate the obvious asymmetry for OS (Figure 8 ). In addition, Begg's (P=0.087) test and Egger's (P=0.150) test also did not provide any evidence of publication bias for OS. Therefore, no significant publication bias was detected for any of the measured outcomes.
Discussion
To the best of our knowledge, this review, which included eleven RCTs, is the first meta-analysis that evaluates the impacts of various clinical and molecular characteristics on the efficacy of PD-1/PD-L1 inhibitors for solid tumors. Our meta-analysis found that PD-1/PD-L1 inhibitor therapy significantly improved the OS for patients with melanoma, NSCLC, urothelial carcinoma, head and neck carcinoma, and renal cell carcinoma. In addition, PD-L1-positive patients could achieve OS benefits from PD-1/PD-L1 inhibitors regardless of PD-L1 expression level, and a possible doseeffect relationship between the expression of PD-L1 and the OS benefit from PD-1/PD-L1 inhibitors was observed.
Patients with higher PD-L1 expression might achieve greater OS benefits. There was an OS improvement for patients with a smoking history, but no OS benefit was observed for nonsmokers. Moreover, compared with second-or laterline treatment, there were better OS benefits in the first-line treatment subgroup. No significant improvement of OS was observed in patients aged 75 years. The relative treatment efficacy was similar according to sex (male vs female), PS (0 vs 1), tumor histology (squamous NSCLC vs nonsquamous NSCLC vs melanoma vs urothelial carcinoma vs head and neck carcinoma vs renal cell carcinoma), and treatment type (PD-1 inhibitor vs PD-L1 inhibitor). PD-L1 expression is controversial in predicting the efficacy of response to anti-PD-1/PD-L1 immunotherapy. A previous study showed that the OS benefit of PD-1 inhibitors was limited to the PD-L11% population. 3 However, another meta-analysis indicated that a proportion of PD-L1-negative patients also had an objective response rate improvement from anti-PD-1 therapy. [23] [24] [25] Due to an insufficient number of trials and patients in previous studies, 
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The efficacy of PD-1/PD-L1 inhibitors for solid tumors no consensus had been reached. 26, 27 In our meta-analysis, all the patients with PD-L1-positive tumors could get OS benefits from PD-1/PD-L1 inhibitors regardless of PD-L1 expression level, and a possible dose-effect relationship between the expression of PD-L1 and OS benefit from PD-1/ PD-L1 inhibitors was observed. Based on these results, PD-L1 positive is a valuable biomarker that can predict the efficacy of PD-1/PD-L1 inhibitors and patients with higher PD-L1 expression might achieve greater OS benefits. However, PD-L1 expression assays are affected by several factors, including specimen size, biopsy location, variable components of the tumor and immune microenvironment, and tumor transformation. In addition, the expression of PD-L1 is heterogeneous and dynamic in time and space of different scales. [28] [29] [30] The evaluation at a single time point may not reflect an evolving immune response or accurately predict the response to PD-1/PD-L1 pathway blockades. Moreover, there are no uniform detection assays and standard definition of the cutoff in different trials. 31, 32 These factors will limit the clinical application of PD-L1 expression. Future investigations should focus on standardized and dynamical detection of PD-L1 expression to guide clinical decisions.
Aging is associated with several structural and functional changes in the immune system, which are classified under the term "immunosenescence". 33 Preclinical and clinical data show that advanced age is associated with decreasing antitumor immune responses, which raises the concern that advanced age may impair the response to immunotherapies. [34] [35] [36] [37] Nonetheless, previous meta-analyses demonstrated that patients aged 65 years treated with the ICI have similar clinical efficacy and safety as patients aged 65 years, but patients aged 75 years may be the tipping point in clinical antitumor immunity. 33, 38, 39 Our metaanalysis provided an up-to-date assessment of PD-1/PD-L1 in elderly subjects, and the results were similar to previous studies. No significant improvement in OS was observed in patients aged 75 years. Thus, the current data of our analyses did not support the large-scale clinical application of PD-1/PD-L1 inhibitors in patients aged 75 years. Exploring the molecular and immune mechanisms, underlying a potential lack of benefit during immunotherapy in elderly patients, represents a tough challenge for future study in this field of cancer treatment.
The tumor genomic landscape is obviously distinct in never smokers compared to smokers, with an average mutation frequency more than tenfold higher in smokers than in never smokers. 40 Preclinical and clinical data show that higher mutational and neoantigen burdens are associated with durable clinical benefit. 41, 42 Smokers have been hypothesized to get benefits from ICI. However, previous meta-analysis showed that no significant difference of treatment benefit in NSCLC was observed between smokers and never smokers.
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weng et al Herein, with additional clinical trials as compared with the previous study, our meta-analysis found that there was an OS improvement for patients with a smoking history, but no OS benefit was observed for those without a smoking history. Thus, smoking status is a robust clinical biomarker for the selection of PD-1/PD-L1 inhibitors. In addition, related studies have been conducted to assess the effects of smoking on the mutational landscape and identify the molecular signature of smoking. The frequency of CA transversions was defined as a smoking genetic signature that is highly correlated with both elevated mutation burden and clinical benefit with PD-1/PD-L1 inhibitors. Obviously, the mutational smoking signature that provides a more objective and quantitative determination of tobacco carcinogen-induced DNA damage is a far more potential predictor of clinical benefit than a smoking history. With the increasing rapidity and decreased cost of exome-based analyses, this approach could provide a more granular predictor of response to PD-1/PD-L1 inhibitors than immunohistochemistry-based analyses alone.
In addition, our results confirmed that the line of treatment could be used to predict the efficacy of PD-1/PD-L. Despite that first-line and later line of treatment achieved OS improvement, there was a better OS benefit in the first-line treatment subgroup. The hallmark mechanisms of cancer immunotherapy included immunogenic cell death, antigen release and presentation, priming of T cell responses, enhancement of T cell activity, infiltration into tumor tissues, and depletion of compensatory immunosuppression. Any dysfunction in any of the abovementioned steps will lead to ineffective immunotherapy. Thus, normal immune function and physical condition are significant for the efficacy of immunotherapy. Potential immunosuppressive effects and serious adverse reactions of previously traditional chemotherapy or radiotherapy might negatively affect the efficacy of a later line of immunotherapy. Therefore, our results recommend using immunotherapy as first-line treatment.
There are also some limitations in this meta-analysis. First, there were only eleven trials that met the eligibility criteria, and the number of patients who were included in those trials was low. Second, the control group regimens between those trials are different, which contribute to the increase in the heterogeneity of the meta-analysis. In addition, the nonconformity of PD-L1 assessment between studies caused limited clinical guidance significance. For instance, in our meta-analysis, tumor samples were obtained from pretreatment (archival or recent) tumor biopsy specimens to determine PD-L1 expression in eight studies. The remaining three studies did not report the relevant information. PD-L1 expression was assessed at a central laboratory with the VENTANA SP142 PD-L1 immunohistochemistry assay (Ventana Medical Systems, Inc., Tucson, AZ, USA) in two clinical trials. Six studies evaluated tumor PD-L1 expression by means of immunohistochemical testing (Dako Denmark A/S, Glostrup, Denmark) with the use of a rabbit antihuman PD-L1 antibody (clone 28-8; Epitomics Inc, Burlingame, CA, USA). Two other studies used the immunohistochemistry assay (Dako Denmark A/S) with the murine 22C3 antihuman PD-L1 antibody (Merck & Co., Inc., Whitehouse Station, NJ, USA). These factors should be carefully considered when employing PD-L1 as a predictive biomarker in clinical practice. Moreover, most of studies included in our analysis consisted primarily of the PD-L1-positive population, which may explain the widely efficacious PD-1/PD-L1 inhibitors in our analysis. This might easily be misleading in clinical application of PD-1/PD-L1 inhibitors. Finally, nine trials used an open-label design that might result in the biased outcome. Further study of updated information is still required.
Conclusion
Our meta-analysis found that PD-1/PD-L1 inhibitors significantly improved the OS for patients with melanoma, NSCLC, urothelial carcinoma, head and neck carcinoma, and renal cell carcinoma. PD-L1-positive tumors, smoking history, and first-line treatment were potential factors for the efficacy of PD-1/PD-L1 inhibitors. Patients with higher PD-L1 expression might achieve greater OS benefits. In addition, sex, PS, tumor histology, and treatment type could not predict the efficacy of this therapy. In contrast, patients aged 75 years and nonsmokers might not get OS benefits from this treatment. These findings can help to predict a better response to PD-1/PD-L1 inhibitors and patient selection in clinical practice.
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